Introduction: This study investigat-
ed the impact of alterations in six
key genes (HMGBI, ROSI, IL6, FGFRI,
FGFR2, and TLR4) on survival outcomes
in patients with esophageal squamous
cell carcinoma (ESCC). These genes are
implicated in signaling pathways such
as RTK-Ras, PI3K-Akt, TLR, and SHP2.
Materials and methods: Genomic
data from five datasets were merged
to identify 437 ESCC patients, cat-
egorized into altered (n = 66, 15%)
and unaltered (n = 371, 85%) groups.
Gene expression was analyzed using
the GSE53624 dataset, and surviv-
al outcomes were assessed with Ka-
plan-Meier curves and log-rank tests.
Hazard ratios (HR) were derived to
quantify risk.

Results: The altered group exhibit-
ed a significantly higher tumor mu-
tational burden (TMB) and muta-
tion count than the unaltered group
(p < 1E-7). While disease-free survival
analysis of 76 patients showed no
significant difference, overall survival
(0S) analysis of 288 patients demon-
strated significantly worse survival in
the altered group [median OS (95% Cl):
18.63 months (18.17-28.13) vs.
40.93 months (28.42 — not reached);
HR = 2.16 (1.33-3.52)]. Additionally,
higher HMGBI1 expression was sig-
nificantly associated with poorer sur-
vival (p < 0.008). Expression-treat-
ment response correlation using
the GSE45670 dataset showed that
HMGBI expression in the pathological
complete remission group was sig-
nificantly higher than in the normal
epithelium group, p = 0.016.
Conclusions: This study highlights
that genomic alterations in these six
genes are associated with poorer OS
in ESCC, despite higher TMB poten-
tially increasing tumor neo-antigens.
These findings underscore the need
for further research to explore their
prognostic and therapeutic potential.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the most aggres-
sive malignancies, with a high mortality rate, particularly in Asian countries.
Despite advances in treatment modalities, the prognosis for ESCC remains
poor, primarily because of its propensity for immune evasion, lymphatic me-
tastasis, and resistance to apoptosis [1]. For example, a phase Il trial showed
that in East Asian patients with locally advanced ESCC undergoing concur-
rent chemoradiotherapy with weekly paclitaxel and carboplatin, followed by
two cycles of consolidation chemotherapy with the same drugs, the 3-year
progression-free survival and overall survival (OS) rates were 46.4% and
56.5%, respectively [2]. Thus, an abundance of research has been directed
toward understanding the complex biochemical and molecular pathways
underlying ESCC progression, including those involved in oxidative stress,
pro-inflammatory responses, and tumor immune escape mechanisms [3-10].

Oxidative stress and immune-modulatory genes, including high-mobility
group box 1 (HMGBI), toll-like receptor 4 (TLR4), interleukin-6 (IL-6), fibro-
blast growth factor receptors 1and 2 (FGFR1 and FGFR2), and ROSI have been
implicated in ESCC. HMGBI, a non-histone DNA-binding protein, plays an
important role in inflammation and immunomodulation by interacting with
the Keapl/Nrf2 pathway to activate NF-«B, thereby promoting indoleamine
2,3-dioxygenase (IDO) expression [3]. This results in an immunosuppressive
tumor microenvironment conducive to ESCC development. HVIGBI also in-
teracts with TLR4, which is an important immune receptor whose upregula-
tion has been associated with enhanced lymphatic metastasis in ESCC [11].

The interactions of ROSI with other genes highlight its role in modulating
oxidative stress and influencing the immune response in the tumor micro-
environment [12]. ROST, as a receptor tyrosine kinase, contributes to cell pro-
liferation and apoptosis resistance through redox imbalance and activation
of pro-survival signaling pathways. Recent studies have shown that it can
further potentiate tumorigenesis by upregulating pathways associated with
oxidative stress and recruiting immunosuppressive cells, thus contributing
to immune evasion [13]. In addition, FGFR1 and FGFR2 are involved in various
signaling pathways, including the PI3K-Akt and SHP2 pathways, which en-
hance cell survival, and are directly implicated in worse survival outcomes in
ESCC patients [10, 14-17]. Fibroblast growth factor receptor 1 has also been
shown to correlate with significantly decreased overall survival, making it
a potential prognostic marker [9, 10, 15, 18].
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Despite numerous studies into each of these genes,
studies examining their combined effects in ESCC are
limited. Therefore, in this study, we examined the inter-
actions among these key oxidative stress-related and im-
mune-modulatory genes (HMGBI, TLR4, IL6, FGFRI1, FGFR2,
and ROSI) to better understand their roles in ESCC pro-
gression and potential as therapeutic targets.

Materials and methods
Ethics considerations

The Kuang Tien General Hospital General Hospital Insti-
tutional Review Board reviewed and approved the request
that the dataset be de-identified and that the study qual-
ifies under the exempt categories. Approval was granted
under approval number KTGH-11338, and the requirement
for patient informed consent was waived.

Datasets and patient selection

Supplementary Figure S1 provides an overview of the al-
teration frequency and genomic data types available from
five studies involving ESCC patients and includes data on
mutation types, copy number aberrations (CNA), and struc-
turalvariants, organized by study. The eligible patients and
genomic data were compiled from five key datasets: TCGA,
Nature [19]; TCGA, Firehose Legacy, Broad Institute [20];
MSK, J Natl Cancer Inst 2023 [21]; ICGC, Nature 2014 [22];
and UCLA, Nat Genet 2014 [23]. All five studies include
mutation data, CNA data are available in four studies, and
structural variant data are provided in three studies. These
comprehensive datasets represent a valuable resource for
analyzing genetic alterations in ESCC, with diverse genom-
ic information available from multiple high-impact studies.
Data from 1,873 patients (1,874 samples) diagnosed with
various esophagogastric cancers were reviewed and 437 pa-
tients with pure ESCC were selected for further analysis.
In addition, the gene expression omnibus ESCC dataset
(GSE53624) was used to examine the correlation between
gene expression levels and survival, with a focus on six
genes [24]. GSE45670 was used to analyze the fold change
of the six genes’ expression levels compared with the nor-
mal esophageal epithelium as a predictive biomarker for
pathological complete remission (pCR) [25].

Merging five datasets

Through the cBioPortal platform [26-28], the five data-
sets were harmonized to extract genomic alterations in six
genes of interest: HMGBI, ROSI1, IL6, FGFR1, FGFR2, and
TLR4. The merging process ensured consistent categoriza-
tion of mutation types (e.g., missense mutations, truncat-
ing mutations), copy number alterations (amplifications
and deletions), and structural variants in the datasets,
which were visualized using an OncoPrint format.

Data normalization

Normalization is crucial for any continuous or count-
based data that can vary due to technical factors, such as
gene expression (RNA-seq, microarray), DNA methylation,
and copy-number data, because these measurements rely

on procedures such as scaling, log transformation, and
batch correction to ensure accurate, comparable results.
In contrast, mutation data (e.g., variant call format or mu-
tation annotation format files) generally do not require
“expression-style” normalization, since they consist of dis-
crete variant calls rather than continuous signals, though
they may still undergo quality control and representation
“normalization” (e.g., left-aligning indels).

Normalization pipelines differ widely by technology
(RNA-seq vs. microarray vs. methylation, etc.). cBioPor-
tal is designed primarily for visualization and integrative
analyses, and therefore it avoids adding a “black box” step
by expecting data providers to perform their own normal-
ization. According to the cBioPortal user documentation
and data-loading guidelines, once already-processed and
normalized data are submitted, cBioPortal optionally com-
putes per-gene Z-scores (mean of zero, standard deviation
of one) across samples for visualization and outlier detec-
tion, relying on the data to be analysis-ready (for example,
transcripts per million, reads per kilobase of transcript per
million mapped reads, or variance stabilizing transforma-
tion in differential expression sequencing 2 for RNA-seq,
or robust multi-array average/quantile normalization for
microarrays). cBioPortal also requires the data to be in
asingle scale (e.g., log,) and consistent across all samples,
and if a “normal” subset of samples is specified, it can cal-
culate Z-scores relative to those normal samples. Finally,
users must provide these normalized values in specific file
formats, thereby ensuring that the data is uniform, prop-
erly scaled, and suitable for cBioPortal’s visualization and
analysis tools.

Sorting patients

Patients were categorized based on the presence of any
genetic alteration in the six genes of interest. The follow-
ing two groups were established: the altered group — pa-
tients with at least one alteration in any of the six genes
(n = 66; 15%); and the unaltered group — patients without
alterations in these genes (n = 371; 85%). Demographic,
clinical, pathological, and molecular data were collected
and compared between the groups to evaluate associa-
tions with clinical outcomes.

Query in the cBioPortal and two other independent co-
horts: ESCCdb (Sichuan) and GSE45670

Data mining was performed using the cBioPortal plat-
form (accessed November 2024) and the ESCCdb from
Sichuan and GSE45670 [25], which enabled the retrieval
of specific genomic alterations and expression data for
analysis.

Statistical considerations and power estimation

The Wilcoxon test was used to compare non-parametric
numerical data between the altered and unaltered groups,
including age at diagnosis, mutation count, and tumor
mutation burden. The y? test was applied to categorical
data, including sex, tumor location, and cancer stage, to
assess the distribution of clinical characteristics between
the groups. Kaplan-Meier survival curves were generated
to compare disease-free survival (DFS) and OS between
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(N = 1873 patients/1874 samples)

Restricted to ESCC (n = 437 patients with
437 samples)
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Analysis of the relationship between expression of the 6 genes and survival
in pure ESCC patients

Analysis of the gene expression fold change difference among pCR, non-pCR

GSE45670

and normal epithelium samples

Fig. 1. Flowchart depicting the selection of patients with esophageal squamous cell carcinoma merged from five datasets; and analyses

using two independent transcriptome datasets

ESCC - esophageal squamous cell carcinoma, pCR — pathological complete remission

the altered and unaltered groups. The log-rank test was
used to assess the statistical significance of differences
between survival curves. Hazard ratios with 95% confi-
dence interval (CI) were calculated to quantify the relative
risk of disease recurrence (for DFS) and mortality (for OS)
in the altered group compared with the unaltered group.
The o level for statistical significance was set at 0.05.
These methods provided a structured approach to assess
the impact of specific gene alterations on the clinical out-
comes of ESCC patients.

With an a level of 0.05 and a true hazard ratio of 2.0,
the estimated power to detect differences in OS between
the altered and unaltered groups is 99.82%. This indicates
that the study is highly likely to detect significant surviv-
al differences between the groups, even with unequal
group sizes. STATA 18.0 was used for power estimation.
(StataCorp. 2023. Stata Statistical Software: Release 18.
College Station, TX: StataCorp LLC.)

Results

Figure 1 illustrates the study flowchart for selecting
patients with ESCC from five merged datasets. The study
began with 1,873 patients (1,874 samples) diagnosed with
various types of esophagogastric cancer. Based on this co-
hort, 437 patients with ESCC (437 samples) were selected.
They were categorized based on genetic alterations in at
least one of the six genes of interest. The altered group
consisted of 66 patients (15%), while the unaltered group
included 371 patients (85%). The flowchart provides an
overview of patient selection and the categorization used
for survival analysis based on the presence or absence
of specific gene alterations in ESCC.

OncoPrint was used to visually summarize the ge-
nomic alterations among the six genes, with each block
representing an individual patient (Suppl. Fig. S2). The al-
terations included: missense mutations (colored sections
within each block), which indicate specific amino acid

changes that may affect protein function; truncating mu-
tations — typically more disruptive as they lead to incom-
plete proteins; amplifications (red) — exhibit increased
gene copy numbers, which may result in overexpression
of these genes and contribute to tumor progression; deep
deletions (blue) — show loss of gene copies, potential-
ly leading to loss of function for tumor suppressor roles.
The alterations varied, with HMGB1 showing alterations in
approximately 14% of patients. ROS1 exhibited alterations
in 6% of the cases, whereas TLR4 showed alterations in
2% of the cases. Fibroblast growth factor receptors 1 and
FGFR2 had higher alteration rates of 8% and 7%, respec-
tively, which often included amplifications. Interleukin-6
alterations were observed in 2% of the patients. OncoP-
rint (Suppl. Fig. S2), with data aggregated from five differ-
ent ESCC studies, provides a comprehensive view of how
frequently these genes undergo specific types of genetic
alterations.

Supplementary Figure S3 displays the pairwise analy-
sis of mutual exclusivity or co-occurrence among the six
genes of interest in ESCC. Co-occurrence was observed
using the following gene pairs: HMGBI and ROSI, with
a significant p-value (0.009) and a high log, odds ratio
(> 3). ROSI and FGFRI had a log, odds ratio of 1.879, al-
though the association did not reach statistical significance
(p = 0.080). FGFR1 and FGFR2 showed weak evidence for
co-occurrence, with a log, odds ratio of 2.258 (p = 0.105).
Mutual exclusivity was suggested for other gene pairs, as
indicated by a log, odds ratio < 3. The analysis highlights
certain interactions in which genes may be more likely
to occur together within patients with ESCC, potentially
pointing to shared pathways or cooperative roles in tum-
origenesis.

Table 1 comprehensively compares the demographic
and clinical data between the altered and unaltered groups.
Although the altered group was slightly younger, there
were no major demographic or clinical characteristics
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Table 1. Comparison of demographic and clinical data between the altered and unaltered groups

Parameters Altered group Unaltered group p-value
(n = 66; 15%) (n=371; 85%)

Age at diagnosis (median, IQR) 57 (51, 63) 60 (53.31, 66) 0.0239
Sex (male %) 86.36 77.09 0.953
Body weight [kg] 63.5 (60, 70) 63 (59, 69) 0.650
Median cigarette smoking in pack-years 25 (12.25, 34) 30 (19, 40) 0.0912
Alcohol drinker (%) 0.346
Yes 3.03 4.04

No 3.03 18.6

N/A 93.94 77.36

Performance status by Karnofsky score (%) 75 (60, 90) 80 (60, 90) 0.903
Primary tumor central location (%) 0.400
Proximal 0 1.62

Middle third 21.21 8.36

Distal 21.21 8.09

N/A 57.58 81.94

Cancer stage (%) 0.180
IA,IB 1.52;1.52 0.27; 1.89

IIA, 1IB 22.73;7.58 11.05; 11.05

A, 1B, 1C 4.55;1.52; 1.52 6.74; 3.23; 1.62

% 1.52 0.54

IVA 1.52 0

N/A 51.52 61.19
Adjuvant postoperative radiotherapy (%) 0.513
Yes 3.03 2.16

No 37.88 11.86

N/A 59.09 85.98
Adjuvant postoperative systemic therapy 0.854
Yes 3.03% 1.62

No 37.88% 12.4

N/A 59.09% 85.98

N/A - data not available

The Wilcoxon test was used to compare non-parametric numerical data that do not assume a normal distribution, while the y? test was used for categorical data.

showing a strong association with the genetic alteration
status. The median age was slightly younger in the altered
group (57 years) compared with the unaltered group (60
years), with a significant difference (p = 0.0239). The ma-
jority were male in both groups, with 86.36% in the altered
group and 77.09% in the unaltered group, showing no
significant difference (p = 0.953). Both groups had similar
median body weights, with no significant difference (p =
0.650). The altered group smoked a median of 25 pack-
years, slightly less than the 30 pack-years in the unal-
tered group (p = 0.0912). Alcohol consumption was not
significantly different between the two groups (p = 0.346).
The performance status, as measured by the Karnofsky
score, was similar in both groups, with no significant differ-
ence (p = 0.903). The distribution of tumor location (prox-
imal, middle, distal) showed no significant difference (p =
0.400). The overall stage distribution between the groups
showed no significant differences (p = 0.180). There was
no significant difference between groups in the use of ad-
juvant postoperative radiotherapy (p = 0.513), nor was

a significant difference observed in the use of adjuvant
systemic therapy (p = 0.854).

Table 2 compares the pathological and molecular data
between the altered and unaltered groups. There were
key molecular differences between the groups, particu-
larly in genome alteration, mutation count, and tumor
mutation burden, which were significantly higher in the al-
tered group. The altered group had a higher median al-
tered genome fraction (0.43) compared with the unaltered
group (0.37), showing a significant difference (p = 0.0474).
The mutation rate was slightly higher in the altered group
(6.35%) compared with the unaltered group (5.68%), al-
though the difference was not statistically significant
(p = 0.105). The altered group had a significantly higher
mutation count (median 158.5) compared with the un-
altered group (median 56), with a highly significant dif-
ference (p < 1E-10). The altered group also had a higher
non-synonymous tumor mutation burden (median 5.33)
compared with the unaltered group (median 3.37), which
showed a significant difference (p = 5.22E-8).
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Table 2. Comparison of pathological and molecular data between the altered and unaltered groups

Parameters Altered group Unaltered group p-value
(n = 66; 15%) (n=371; 85%) (Wilcoxon test)

Lymph nodes examined (median, IQR) 14 (8, 17) 8 (2,18) 0.149
Surgical resection margin (%) 0.0855 (chi-squared)

RO 77.27 26.68

R1 3.03 2.16

R2 0 1.08

N/A 19.7 67.92

Lymphocyte infiltration* (%) 4(2;8) 3.5(1; 6) 0.953
Fraction genome altered (median, IQR) 0.43 (0.27,0.55) 0.37 (0.22, 0.5) 0.0474
Mutation rate (%) 6.35 (5.2, 7.47) 5.68 (3.84, 6.98) 0.105
Mutation count 158.5 (125, 187) 56 (13, 117) < 1E-10
Tumor mutation burden (nonsynonymous) 5.33 (4.32,6.3) 3.37 (2.07,5.23) 5.22E-8

N/A - not available

* Lymphocyte infiltration was quantified by pathologists through microscopic evaluation.
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Fig. 2. Comparison of disease-free survival between the unaltered
group (reference group) and the altered group with a follow-up
of more than 65 months

At 20 months, 17.2% in the unaltered group were still disease-free compared
with only 5.6% in the altered group. The altered group showed an nonsignificant
increased risk of relapse with a hazard ratio of 1.17 (log-rank, p-value = 0.694).

Figure 2 shows the DFS comparison between the un-
altered (reference) and altered groups in the ESCC pa-
tients, with the follow-up extending beyond 65 months.
At the 20-month mark, 17.2% of the patients in the unal-
tered group remained disease-free compared with only
5.6% in the altered group, indicating a lower DFS rate in
the altered group. The altered group had a nonsignificantly
higher risk of relapse compared with the unaltered group,
with a hazard ratio of 1.17 (95% Cl: 0.512-2.681). The log-
rank test yielded a p-value of 0.694, indicating that the ob-
served difference in DFS between the two groups was not
statistically significant. These data suggest a tendency
for poorer outcomes in patients with gene alterations, al-
though further studies with a larger sample size would be
necessary to confirm this.
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Fig. 3. Comparison of overall survival between the unaltered group
(reference group) and the altered group with a follow-up of over
85 months

At 36 months, 16.9% in the unaltered group were still alive, compared with
only 7.9% of the altered group. The altered group showed a 2.2-fold increased
risk of death, with a hazard ratio of 2.16 (log-rank, p-value = 0.000082).

The overall survival between the unaltered (reference)
and altered groups in patients with ESCC, with follow-up
extending beyond 85 months, is presented in Figure 3. At
the 36-month mark, 16.9% of patients in the unaltered
group were alive, compared with only 7.9% in the altered
group. The altered group exhibited a significantly in-
creased mortality risk with a hazard ratio of 2.16 (95% Cl:
1.326-3.522), suggesting that patients with alterations in
the six genes of interest had a greater than twofold higher
mortality risk compared with the unaltered group. The log-
rank test yielded a highly significant p-value of 0.000082,
indicating a statistically significant difference in OS be-
tween the altered and unaltered groups.

Supplementary Figure S4 shows the relationship be-
tween gene expression and survival in the gene expres-

35 40 45 50 5560 65 70 75 80 85

00 00 O0O0OTO
33 3 1111




contemporary

sion omnibus ESCC dataset (GSE53624). Low expression
of HMGBI (defined as expression levels at or below the first
quantile) was significantly associated with better OS com-
pared with higher expression levels (above the third quan-
tile) in a follow-up period of 70 months. This association was
statistically significant, with a log-rank p-value of 0.008. This
suggests that lower HMGBI expression may contribute to
improved survival outcomes in ESCC, indicating its potential
role as a prognostic biomarker. Subsequently, we queried
these six genes in a different cohort of ESCC (GSE45670)
who had pretreatment gene expression analysis and were
treated with preoperative chemoradiotherapy before radi-
cal resection with or without a pCR. HMGBI expression in
the pCR group was significantly higher than in the normal
(esophageal epithelium) group, p = 0.016 (Dunn test) (Sup-
pl. Table S1). There were no significant differences between
normal vs. non-pCR or non-pCR vs. pCR.

Discussion

The key findings of this merged dataset study indicate
that approximately 15% of patients with ESCC harbor alter-
ations or co-occurring alterations in the six genes of inter-
est: HMGBI, ROS1, FGFRI, FGFR2, IL6, and TLR4. These ge-
nomic alterations are associated with significantly poorer
long-term survival outcomes. Although prior studies have
explored the roles of these genes individually in ESCC, this
study is the first to present patient-level evidence of their
collective impact on patient prognosis. Over an extended
follow-up period exceeding 85 months, the altered group
demonstrated a statistically significant twofold increase
in mortality risk. Although the difference in DFS did not
reach statistical significance because of limited relapse
data, worse DFS outcomes were observed in the altered
group. These findings reinforce and build upon previous in-
dividual studies examining the role of each gene in ESCC,
providing a more comprehensive understanding of their
potential combined effects on patient survival.

Based on the current study, the effect of the six genes
on survival was not only the result of individual gene ex-
pression. Other types of genomic alterations, such as am-
plifications, deep deletions, and mutations, may also play
significant roles, individually or in combination. These al-
terations can affect downstream pathways, such as NF-kB
and other immune-evasive pathways, which contribute
to tumor progression and resistance to the immune re-
sponse. The mechanistic explanation of how the altered
genes are involved in the oxidative stress-related pathway
and the PD-1/PD-L1 pathway is relatively complex. For ex-
ample, the HMGBI cascade may interact with the Keapl/
Nrf2-ARE pathway [29, 30], and the common pathway
of the Keapl/Nrf2/NF-xB/IL-6 axis promotes tumor im-
mune evasion [31, 32]. The HMGB1/TLR4/MYD88/NF-kB
pathway was shown to induce autophagy, promote pro-
liferation, inhibit apoptosis, and enhance radioresistance
in ESCC [33, 34]. The poor prognosis associated with al-
terations in HMGBI, ROS1, FGFRI1, FGFR2, IL-6, and TLR4 in
ESCC may be attributed to the involvement of these genes
in multiple oncogenic pathways that promote tumor ag-
gressiveness and immune evasion (Suppl. Table S2).

Recently, due to the efficacy of adding an immune
checkpoint inhibitor in managing ESCC [35], there has
been growing interest in identifying an easily assessable
immune biomarker, specifically the pan-immune-inflam-
matory value (PIV), to correlate with patient treatment
outcomes. PIV is calculated using the formula: (neutrophil
count x platelet count x monocyte count)/lymphocyte
count [36]. A Japanese study found that a low PIV, de-
fined as a value below 164.6, was associated with high-
er tumor-infiltrating lymphocytes and CD8+ cell counts,
as determined by immunohistochemical analysis, as well
as improved OS [37]. However, our analysis indicates that
lymphocyte infiltration within the tumor, as assessed by
pathologists through microscopic evaluation, does not sig-
nificantly differ between the altered and unaltered groups.
Future prospective studies incorporating PIV may provide
more robust evidence regarding its clinical utility.

HMGBI, a key mediator of inflammation, significant-
ly contributes to tumor progression by activating the re-
ceptor for advanced glycation end products and toll-like
receptors (TLRs), particularly TLR4 [11]. This interaction
stimulates the NF-xB signaling pathway, which increases
the production of pro-inflammatory cytokines and pro-
motes a tumor-permissive microenvironment. In addition,
HMGB1 enhances the expression of indoleamine IDO,
leading to immunosuppression and facilitating immune
escape by modulating T-cell function in the tumor micro-
environment [3].

ROS1, another important player, acts as a receptor ty-
rosine kinase involved in oxidative stress regulation and
cell proliferation. Its activation enhances redox imbalance,
which fosters survival signaling and apoptosis resistance.
Studies indicate that ROS1, along with other receptor ty-
rosine kinases, such as FGFR1 and FGFR2, can drive tumor
growth by activating the PI3K-Akt and Ras-MAPK path-
ways, resulting in enhanced tumor cell proliferation and
migration [15]. The effect of FGFR1 and FGFR2 is further un-
derscored by their role in autophagy and Nrf2 activation,
which enhance resistance to cellular stress and support
the invasive potential of tumor cells [17]. Increased FGFR1
expression is associated with reduced survival; thus, it is
a potent prognostic marker for aggressive disease [38].

Interleukin-6 and TLR4 add another layer of complexity
by reinforcing inflammatory signaling within the tumor.
Interleukin-6 promotes cancer cell survival, particularly
through the JAK/STAT and NF-xB pathways, which are es-
sential for maintaining chronic inflammation and immune
resistance. In ESCC, elevated IL-6 expression correlates
with poor survival, as it recruits myeloid-derived suppres-
sor cells and promotes immune escape mechanisms [39].
On the other hand, TLR4 is a main receptor of innate im-
munity and acts as a sentinel receptor that triggers pro-in-
flammatory responses, leading to lymphatic metastasis
and further contributing to an immune-suppressive envi-
ronment [33, 40].

Fibroblast growth factor receptors FGFR1 and FGFR2
play distinct yet complementary roles in ESCC. FGFR1 am-
plification, found in up to 21% of ESCC cases, promotes
tumor growth, invasion, and poor prognosis by activating
the MEK-ERK and PI3K-AKT pathways [41, 42]. Co-expres-
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sion of FGFR1 with its ligands further enhances tumor
proliferation via an autocrine loop [43]. Conversely, FGFR2
exhibits a dual role in ESCC. While FGFR2 amplification is
less frequent (~ 4%), it contributes to resistance against
EGFR-targeted therapy [44, 45]. Fibroblast growth fac-
tor receptors 2 also maintains cancer cell differentiation
through AKT signaling, preventing epithelial-mesenchy-
mal transition [14]. However, excessive FGFR2 signaling
promotes tumor progression, as miR-671-5p downregula-
tion leads to FGFR2 upregulation and enhanced prolifer-
ation [46]. Together, FGFR1 drives aggressive ESCC phe-
notypes, while FGFR2’s context-dependent roles highlight
its potential as both a therapeutic target and differentia-
tion regulator. Aberrations in FGFR1-3 may be actionable
through a histology-agnostic approach using FGFR-tar-
geted therapies. While FGFR inhibitors have not yet been
approved specifically for ESCC, preclinical studies suggest
that FGFR2-amplified or overexpressing ESCC could re-
spond to these agents [44, 45]. Clinical trials evaluating
FGFR inhibitors in ESCC and other FGFR-driven cancers
are ongoing.

These combined molecular events orchestrate a net-
work of oxidative stress and immune evasion pathways
that likely contribute to the observed poor prognosis in
patients with alterations in these six genes. By promot-
ing cell proliferation, reducing apoptosis, and supporting
immune evasion, these pathways create a robust environ-
ment for tumor progression, which underscores the clini-
cal significance of targeting these pathways for therapeu-
tic intervention.

The strength of this study lies in the integration of mul-
tiple genomic datasets, which combine patient data and
ESCC specimens across various sources. This approach
enhances the study’s statistical power, providing a robust
capability to detect true differences in survival outcomes
with high significance. Despite the strengths of this study,
there are notable limitations. First, the study relied on in
silico analyses and public databases, which may introduce
inconsistencies in data collection and reporting across
sources. Variability in sequencing techniques, sample pro-
cessing, and annotation methods between datasets may
affect the uniformity of genomic alterations observed. In
addition, while pooling datasets increases sample size, it
may also obscure unique cohort-specific characteristics,
potentially limiting the generalizability of the findings.
The observational nature of the study further restricts
causal inference. Despite the high power for detecting
mortality risk, the smaller sample size in the altered group
may have limited the ability to achieve significance in DFS
analysis. A notable limitation is that survival analyses were
conducted using cBioPortal, which only supports univari-
ate Kaplan-Meier analyses and does not allow multivariate
Cox regression to adjust for potential confounders such as
cancer stage. Finally, while this study provides insight into
associations between genomic alterations and survival,
functional validation through laboratory-based studies is
necessary to confirm the suggested biological mechanisms.
These limitations should be addressed in future studies to
strengthen the clinical relevance of the findings.

Conclusions

This study aimed to explore the impact of genomic
alterations for six selected genes (HMGBI1, ROS1, FGFRI,
FGFR2,IL6, and TLR4) on the survival outcomes of patients
with esophageal squamous cell carcinoma. Using in silico
analyses of multiple genomic datasets, we observed that
approximately 15% of patients harbored alterations in
these genes. These alterations were associated with sig-
nificantly poorer OS, with a hazard ratio of 2.16 over an ex-
tended follow-up period. Although previous studies have
individually examined the role of these genes in ESCC, our
study provides novel insight into their collective impact,
highlighting an increased mutation burden and altered tu-
mor microenvironment as contributing factors to immune
evasion and disease progression.

Our findings underscore the relevance of these genes
in modulating pathways that support tumor survival and
immune resistance, such as the NF-xB and PD-1/PD-L1
pathways. Nonetheless, this is an observational study, and
its reliance on public datasets is a limitation, including po-
tential inconsistencies in data collection and cross-cohort
variability. Future studies should focus on experimental
validation and functional studies to elucidate the under-
lying mechanism of these genomic alterations and their
therapeutic implications.

Overall, our work suggests that the combined genomic
alterations in HMGBI1, ROS1, FGFRI, FGFR2, IL6, and TLR4
may serve as prognostic markers and potential targets for
tailored therapeutic strategies in ESCC, which warrants
further studies to enhance the clinical outcomes for this
aggressive cancer.
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